Objectives: Higher CSF antiretroviral concentrations may be associated with better control of HIV replication and neurocognitive performance, but only the unbound fraction of antiretrovirals is available to inhibit HIV. Therefore, the objective of this study was to determine total and unbound darunavir concentrations in CSF and compare findings with plasma concentrations as well as the wild-type HIV-1 90% inhibitory concentration (IC 90 ).
Introduction
The CNS is infected early in the course of HIV infection and HIV RNA is often detected in the CSF of untreated individuals with chronic disease. CNS infection can lead to HIV-associated neurocognitive disorders (HAND), which remain common despite potent combination antiretroviral therapy (cART). 1 Supporting the importance of the virus in the pathogenesis of HAND, HIV RNA concentrations in CSF are higher in patients with cognitive impairment than in those without impairment in cross-sectional and longitudinal studies, 2 -4 although this association has weakened since the advent of cART. 5 Antiretrovirals (ARVs) differ in their distribution-or penetration-into the CNS, with some drugs resulting in CSF concentrations similar to those in plasma and others resulting in CSF concentrations that are ,1% of those in plasma [e.g. protease inhibitors (PIs)]. Only ARVs that penetrate into the CNS in therapeutic concentrations will be able to reduce HIV replication in that compartment. Factors such as molecular weight, liposolubility, protein binding and affinity for efflux transporters all affect the CNS distribution of ARVs. ARVs reaching higher levels in the CSF are associated with better control of HIV replication 6, 7 and, often, better neurocognitive performance, 8 -10 although not all reports agree. 7 A less well understood factor is the extent of protein binding of ARVs in the CSF. This is important, because ARVs that are bound to proteins, such as albumin or a-1 acid glycoprotein, are unavailable to inhibit HIV replication. Darunavir is a PI, a class of drugs that is generally highly bound to plasma proteins and a substrate for the efflux transporter P-glycoprotein, factors leading to limited distribution in the CNS. 11 However, PIs are very potent ARVs and relatively low concentrations are required to inhibit viral replication. The objectives of this study were to determine total and unbound darunavir concentrations in CSF and compare them with matched plasma concentrations and the established in vitro 50% and 90% inhibitory concentrations (IC 50 and IC 90 , respectively) for wild-type HIV-1.
Methods
CSF-plasma specimen pairs were selected from subjects who had HIV-1 infection and who had enrolled in observational cohort studies con- CSF was obtained by lumbar puncture performed with aseptic technique using a 22 gauge pencil-point needle by experienced operators. Plasma was obtained within 1 h of CSF by routine phlebotomy. All specimens were stored at 2708C until analysis.
Total darunavir concentrations were measured by HPLC for plasma and stable isotope liquid chromatography-tandem mass spectrometry (LC/MS/MS) for CSF. Darunavir was extracted with either acetonitrile (plasma) or methyl-tert-butyl ether (CSF), after addition of a d6-darunavir internal standard (CSF). The dynamic ranges of these assays were 3.9-2000 (plasma) and 0.39 -200 ng/mL (CSF). Plasma unbound darunavir concentrations were determined by LC/MS/MS analysis of plasma ultrafiltrate (10 kDa cut-off). As CSF unbound darunavir concentrations were expected to be below the detection limit of LC/MS/ MS analysis, CSF unbound darunavir concentrations were imputed from protein binding. This was derived by equilibrating the bound drug in a matrix via competitive binding exchange with the radiolabelled drug and subsequent measurement of the radiolabelled drug in the 10 kDa ultrafiltrate of the matrix. 12 Recovery from all matrices was ≥96%. CSF darunavir concentrations were compared with the IC 50 and IC 90 for wildtype HIV-1 (1.78 and 2.43 ng/mL, respectively). 13, 14 HIV RNA was quantified by RT-PCR using a Roche Taqman RealTime assay (Roche Diagnostics) with a lower limit of quantification (LLQ) of 50 copies/mL. The blood T lymphocyte subsets including CD4+ were measured by flow cytometry. Adherence was self-reported and adequate adherence defined as subjects taking .95% of their scheduled ARVs over 4 days preceding the CSF and blood specimen collection.
Data were analysed with descriptive, bivariable and multivariable statistics using standard methods (JMP, SAS Institute, Cary, NC, USA). Spearman's correlation coefficient was used to assess the relationship between plasma and CSF darunavir concentrations.
Results
Twenty-nine CSF-plasma pairs were obtained from 16 subjects. When more than one specimen pair was obtained from the same subject, the interval between specimens ranged from 6 to 12 months. Seven subjects provided one pair, six subjects two pairs, two subjects three pairs and one subject four pairs. Subjects were predominantly middle-aged (median age of 48 years; IQR 45 -52), white (56%) men (93%) with AIDS (100%). The median CD4+ T lymphocyte count at the time of sampling was 213 cells/mm 3 (IQR 108 -413). The median nadir CD4+ T lymphocyte count was 5 cells/mm 3 (IQR 2 -57). Disease severity based on the 1993 CDC classification system was categorized as stage C in 93% and stage B in 7% of subjects. HIV RNA was below the LLQ in 59% of plasma and 86% of CSF specimens.
Median darunavir use was 9.4 months (IQR 3.6-14.7). Darunavir was dosed as 600 mg twice daily with 100 mg of ritonavir twice daily in all subjects. Concurrent ARVs included one to three nucleoside/nucleotide reverse transcriptase inhibitors (NRTIs) in all subjects, one non-NRTI in 7%, one integrase inhibitor in 25%, one cell-entry inhibitor in 14% and one fusion inhibitor in 7%. Adherence was .95% for 87% of the sampling timepoints. The last darunavir dose was taken with food prior to sampling in 83% of the sampling timepoints.
Darunavir plasma and CSF concentrations as well as sampling information are displayed in Figure 1 and aggregate data are summarized in Table 1 . Post-dose sampling intervals (PDSIs) were evenly distributed over the dosing interval, with median PDSIs of 7.2 h (IQR 3.8 -12.9) for CSF and 6.7 h (IQR 3.4 -12.4) for plasma. Darunavir was detected in all but one (3%) CSF specimen. CSF fractional penetrance (i.e. the fraction of plasma drug reaching the CSF compartment) was 1.4% of the median total and 9.4% of the median unbound plasma concentrations. Darunavir unbound fractions were 97.2% (CSF) and 6.5% (plasma). The CSF-to-total and CSF-to-unbound plasma concentration ratios did not change significantly over the dosing interval. Correlations between total darunavir in CSF and either total (r¼ 0.60, P ¼ 0.0008) or unbound (r ¼0.66, P ¼ 0.0001) plasma concentrations were similar and statistically significant (Figure 2 ).
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There was no statistically significant correlation between PDSIs and total CSF darunavir concentrations (r¼ 20.35, P ¼ 0.07) or total plasma concentrations (r¼ 20.29, P ¼ 0.13). However, unbound plasma concentrations (r¼ 20.43, P¼ 0.02) did decline significantly over the dosing interval. There were no statistically significant correlations between CSF total protein or CSF/plasma total protein ratio and either total or unbound darunavir CSF concentrations. The results were not substantially different when the analyses were performed with only one timepoint (the earliest by convention) per subject.
All unbound darunavir concentrations in CSF (excluding the single value below the LLQ) exceeded the median IC 50 for wildtype HIV-1 by a median of 28.1-fold and the median IC 90 by a median of 20.6-fold. Higher darunavir concentrations in plasma (total or unbound) were not associated with undetectable HIV RNA levels in plasma (t¼ 0.95, P ¼ 0.35 and t¼ 1.05, P ¼ 0.31, respectively). Too few (14%) HIV RNA levels were detectable in CSF to reliably assess any correlation with CSF darunavir concentrations.
Discussion
This is the first report examining darunavir concentrations in CSF along with CSF protein binding. Unbound darunavir plasma concentrations and the degree of plasma protein binding were consistent with prior reports. 15 Excluding the single value below the LLQ, all unbound darunavir CSF concentrations exceeded the wild-type HIV median IC 50 and IC 90 , the lowest value observed being 8.0-fold higher than the IC 90 . The subject with the undetectable CSF darunavir concentration had the lowest plasma darunavir concentration, had one of the highest plasma HIV RNA values and the highest CSF HIV RNA level among all subjects, all suggesting potential cART non-adherence. IC 50 and IC 90 were used in this report as they are generally less variable and are commonly referenced in clinical resistance testing reports compared with the 90% effective concentration (EC 90 ). In addition, since the EC 90 is protein corrected, it may not provide an accurate estimate of inhibitory concentrations in a low-protein environment, such as the CSF compartment.
The distinctly different degrees of protein binding in CSF and plasma may be explained in part by the much lower Croteau et al.
concentration of binding proteins in CSF compared with in plasma (100-1000-fold lower), including albumin and a-1 acid glycoprotein. 16, 17 These findings are consistent with a pharmacokinetic study measuring bound and unbound indinavir in plasma and CSF and showing a CSF protein binding of 1.4%. 18 The concentrations of darunavir in CSF are 10-fold lower than predicted by plasma unbound concentrations (assuming all unbound drug is distributed into the CNS). The lower than expected CSF fractional penetrance indicates that limiting factors other than protein binding restrict the distribution of darunavir into the CSF, similar to other PIs.
19 -21 P-glycoprotein and other efflux transporter affinity may be one of those barriers. 22, 23 Compared with other PIs, darunavir appears to have intermediate distribution into the CNS based on fractional penetrance (higher than atazanavir, lopinavir and amprenavir, and lower than indinavir). Likewise, darunavir's CSF-to-IC 50 ratio is numerically higher than those of atazanavir, lopinavir and amprenavir, and is in the same range as indinavir, but the clinical value of this measure has not been demonstrated. 19 -21,24 Despite those limitations, darunavir achieved therapeutic CSF concentrations based on the wild-type HIV-1 in vitro IC 50 and IC 90 . In addition, the relatively low proportion of CSF specimens with detectable HIV RNA (often when HIV RNA was detectable in plasma) may be supportive of darunavir's antiviral effectiveness in the CNS. Since all subjects took cART, HIV control cannot be solely attributed to darunavir. However, subjects as a group had excellent control (the majority of detectable plasma HIV RNA levels were ,500 copies/mL), considering how advanced their immune suppression had been in the past, a factor known to favour compartmentalization of HIV in the CNS. 25, 26 Four samples had detectable HIV RNA in CSF despite all CSF darunavir concentrations being above the wild-type HIV-1 IC 90 , except for the subject who had the darunavir concentration below the LLQ and also the highest CSF HIV RNA level (3150 copies/mL). All the other three samples had CSF HIV RNA levels just above the LLQ (range 54-75 copies/mL). The findings in those three samples with marginally detectable CSF HIV RNA may suggest suboptimal plasma viral suppression (one sample with very high plasma HIV RNA) or drug resistance (compartmental or systemic; two samples with undetectable or marginally detectable plasma HIV RNA) to darunavir or other ARVs in the subjects' regimens.
The lack of correlation between PDSIs and total CSF and plasma darunavir concentrations may be related to a longer half-life in this population than the terminal elimination half-lives reported. 27, 28 The reason for a decline in unbound plasma darunavir with PDSIs with relatively stable total plasma darunavir is not readily apparent and plasma unbound darunavir pharmacokinetic data have not been published. The median total CSF darunavir concentration (55.8 ng/mL) and fractional penetrance based on the total darunavir median concentration (1.4%) reported in this analysis are comparable to those recently reported in two smaller studies using twice-daily dosing schedules (34.2 -38.2 ng/mL and 0.9%). 29, 30 The correlation between total darunavir in CSF with total and unbound darunavir concentrations in plasma suggests that plasma concentrations could be an informative qualitative estimate of CSF darunavir concentrations and that interventions focused on increasing concentrations in plasma might also result in higher concentrations in the CNS. Given the recent findings by Calcagno et al., 30 those observations would require validation in ARV-inexperienced HIV-infected individuals using a darunavir once-daily dosing schedule. Given the likely affinity of darunavir for efflux transporters such as P-glycoprotein, agents inhibiting both the cytochrome P-450 system and P-glycoprotein (e.g. ritonavir) would be more advantageous in terms of CNS delivery than agents that only inhibit the cytochrome P450 system (e.g. cobicistat) when combined with PIs such as darunavir. The study limitations include the small sample size, the concurrent administration of other ARVs and adherence self-reporting, although the plasma concentrations reported are in the same range as reported in other darunavir pharmacokinetic studies. 27, 28 In summary, our findings provide evidence that darunavir is largely unbound to protein in the CSF, that, when using a twicedaily dosing schedule, darunavir concentrations in CSF are within the estimated therapeutic range and that total and unbound plasma darunavir concentrations could be used to qualitatively estimate concentrations in CSF. Darunavir should contribute to the control of HIV replication in the CNS as a component of cART.
